With congenital central hypoventilation syndrome (CCHS), most patients have a de novo 5-13 polyalanine expansion mutation in PHOX2B. We reported previously that de novo polyalanine expansion mutations were of paternal origin and were derived from unequal sister chromatid exchange during spermatogenesis in six and four informative families, respectively. In this study, we analyzed the relationship between haplotypes and de novo polyalanine expansion in PHOX2B and found that haplotypes carrying rs17884724:A4C were detected frequently in 7-alanine expanded (27-alanine) mutant alleles, which are the most prevalent mutations in CCHS. The allele with rs17884724:A4C made fewer nucleotide mismatches in the misalignment at crossing-over than the allele without rs17884724:A4C. The high frequency of rs17884724:A4C in 7-alanine expansion (27-alanine) mutations also supported the unequal crossover mechanism for polyalanine expansion. We also confirmed the paternal origin of de novo polyalanine expansion mutation and unequal sister chromatid exchange association in three more patients. In spite of paternal bias, the paternal age effect on CCHS incidence was not observed. De novo polyalanine expansion mutations are mainly derived from unequal sister chromatid exchange during spermatogenesis because of replication and/or repair systems that are specific for spermatogenesis.
INTRODUCTION

Congenital central hypoventilation syndrome (CCHS; MIM 209880)
is characterized by failure of the automatic control of breathing during sleep, and results from the dominant PHOX2B mutation. About 90% of patients have de novo polyalanine expansion mutations in the polyalanine tract of 20 residues. [1] [2] [3] [4] [5] [6] Approximately 5% of patients inherit polyalanine expansion mutations mostly from asymptomatic parents with somatic mosaicism and rarely from affected parents. Polyalanine expansion disorders constitute one family of homopolymer expansion disorders, including at least nine disorders. Expanded polyalanine tracts are encoded for by imperfect GCA, GCG, GCC and GCT repeats; they are meiotically and somatically stable. Warren 7 inferred unequal crossover as a causative mechanism of the polyalanine expansion of HOXD13 in synpolydactyly 1. In 2007, we reported that de novo polyalanine expansion mutations of PHOX2B were of paternal origin and were derived from unequal sister chromatid exchange in six and four informative CCHS families, respectively. 8 In contrast, Trochet et al. 9 suggested mechanisms other than unequal crossing-over on the basis of data of three rare complex polyalanine expansion mutations. Parodi et al. 10 reported that de novo polyalanine expansion of PHOX2B was derived, respectively, from maternal allele and paternal allele in 7 and 13 CCHS patients.
In this paper, we studied the relationship between haplotypes and polyalanine expansion in PHOX2B and found that haplotypes carrying rs17884724:A4C are associated with a 7-alanine expansion (27-alanine) mutation, which supports that unequal crossover is involved in de novo polyalanine expansion mutation. We also confirmed paternal origin and association with unequal sister chromatid exchange during spermatogenesis of polyalanine expansion in three more CCHS patients.
MATERIALS AND METHODS
The ethics committee of the Yamagata University School of Medicine approved this study. After receiving written informed consent from the patients' families, peripheral blood was collected from patients and family members for genomic DNA extraction. We studied 39 patients (male/female ratio, 18:21) with CCHS, including 29 previously analyzed cases and 10 newly diagnosed patients. 2, 8, 11 Seven patients carried 5, 13 patients carried 6, 14 patients carried 7, single patients each carried 10, 11 and 12, and 2 patients carried 13 polyalanine expansion mutations. We analyzed six single-nucleotide polymorphisms (SNPs) and three deletion-insertion polymorphisms (DIPs) in PHOX2B as follows: one DIP (rs72266779) and two SNPs (rs4608840 and rs6811325) in intron 1, one SNIP (rs2196822) and two DIPs (rs3038692 and rs10614480) in intron 2 and three SNPs (rs17884724, rs6826373 and rs11723860) in exon 3. They were all within the same haplotype block. For the analysis of SNPs and DIPs, we amplified the PHOX2B genome using three-set primers described in our previous paper. 8 We studied all SNPs and DIPs by sequence determination using amplified products from genomic DNA and after subcloning of PCRamplified products into the TA cloning vector. The primers used for sequence determination were designed on the basis of the genomic database (accession number NC_000004.10). We classified the haplotypes into five (A-E) groups on the basis of the information of SNPs and DIPs, and determined the parental origin and chromosomal events of polyalanine expansion by haplotype analysis. Paternity was confirmed using 16 markers provided with the AmpFLSTR identifier kit (PE Applied Biosystems, Foster City, CA, USA). Comparison of rs17884724:A4C frequencies in wild (20-alanine) alleles and mutant polyalanine expanded alleles was performed by Fisher's test. P-values o0.05 were considered to be significant.
RESULTS
We detected polyalanine expansion mutations of PHOX2B in 39 patients. Familial mutant analysis and paternity testing indicated that each mutation in all families occurred as a de novo event.
To investigate the relationship between haplotypes and polyalanine expansion in PHOX2B, we determined six SNPs and three DIPs in 108 PHOX2Bs carrying the 20-alanine tract from healthy control individuals and 39 PHOX2Bs carrying the 25-33 (5-13 expanded) alanine tract from CCHS patients. On the basis of data from SNPs and DIPs, we classified them into five (A-E) haplotypes (Table 1) . Table 2 presents a comparison of haplotypes between wild alleles with 20-alanine tracts and mutant alleles with 25 to 33-alanine tracts. The number of participants in our study limited the statistical analysis of the relationship between the haplotype and the polyalanine expansion. However, one allele of haplotype B and nine alleles of haplotype D were detected in 27-alanine (7-alanine expanded) mutant alleles, a most prevalent expansion mutation. Both haplotypes carry rs17884724:A4C. The frequency of rs17884724:A4C in the wild alleles with the 20-alanine tract was 0.10; however, the frequency of rs17884724:A4C in mutant alleles with the 27-alanine tract was 0.71, a significantly high frequency (Po0.01). In contrast, haplotypes B and D carrying rs17884724:A4C were very few (or none) in other polyalanine expansion mutations and there was no significant difference in the frequency of rs17884724:A4C between wild and other alanine expanded alleles. As presented in Figure 1 , the allele with rs17884724:A4C is expected to form fewer nucleotide mismatches in the misalignment at crossover than the allele with rs17884724:A.
Regarding the paternal origin and alanine expansion mechanism, we studied 10 newly diagnosed families on the basis of haplotype information. We confirmed the paternal origin of expansion mutation and unequal sister chromatid exchange event during spermatogenesis in three informed families (Figure 2 ). We also identified three other patients who possibly received mutant alleles from their fathers because these patients inherited normal alleles from their mothers and were negative for the maternal disomy of chromosome 4 by the detection of paternal FGA (marker on chromosome 4) by a paternity test.
To investigate whether the frequent mitotic division in paternal gametogenesis is associated with this paternal bias, we studied a 'male age effect on the incidence of CCHS' in 34 informative families. However, we were unable to detect any effect of paternal age on the offspring of patients, as depicted in Figure 3 , suggesting that simple replication errors are not a major cause of de novo polyalanine expansion mutation of PHOX2B.
DISCUSSION
Trinucleotide repeat sequences encoding polyalanine or polyglutamine tracts can form secondary structures. The formation of these secondary structures is considered to compromise DNA replication, thereby leading to expansion of those repeat sequences. 12 In contrast to strand slippage in complete trinucleotide repeats encoding polyglutamine tracts in polyglutamine expansion disorders, incomplete trinucleotide repeats encoding polyalanine tracts in polyalanine expansion disorders were considered to result from an unequal crossover. 7 As a matter of fact, CCHS is a polyalanine expansion disorder; most patients have a de novo 5-13 polyalanine expansion mutation in PHOX2B. In contrast, 5-13 polyalanine contractions are detected in normal healthy controls as polymorphisms. Combined with our previous report, we studied 23 families with a de novo polyalanine expansion and found that 9 (about 40%) families were informative for the parental origin of Polyalanine expansion of PHOX2B in CCHS H Arai et al the mutant allele and all nine mutant alleles were of paternal origin. In addition, seven among nine (about 30%) families were also informative for chromosomal event and all seven mutations were derived from an unequal sister chromatid exchange during spermatogenesis. 8 Regarding the relationship between haplotypes and polyalanine expansion, haplotypes carrying rs17884724:A4C were frequently detected in de novo 7-alanine expanded (27-alanine) alleles from unrelated patients. The 7-alanine expansion (27-alanine) mutation is the most prevalent expansion mutation. As presented in Figure 1 , the allele with rs17884724:A4C is expected to form fewer nucleotide mismatches in the misalignment at crossover than the allele with rs17884724:A. Prevalence of rs17884724:A4C in 7-alanine expanded (27-alanine) alleles would also support that most de novo polyalanine expansion mutations are derived from an unequal crossover. Regarding the parental origin and chromosomal events of polyalanine expansion, informative families by haplotype analysis are not many, about 30% of families. However, data from our informative families showed that all de novo polyalanine expansion mutations were of paternal origin and were derived from an unequal sister chromatid exchange during spermatogenesis. 8 Parodi et al. 10 studied 20 informative cases of parental origin by analyzing three SNPs and reported that de novo polyalanine expansion had occurred on the maternal allele in 7 patients and on the paternal allele in 13 patients. The reason for the difference from our data remains unclear; however, we cannot deny the possible influence of reaction artifacts during long PCR amplification. To avoid the influence of PCR errors, haplotype analysis seems to be a suitable method to study. Paternal expansion bias was also reported in most polyglutamine expansion disorders, another homopolymer expansion disorder, 13 as well as in Duchenne muscular dystrophy and achondrodysplasia. 14, 15 Frequent mitotic division in paternal gametogenesis might contribute to sex differences in polyalanine expansion mutation rates. However, a 'male age effect' was not observed, as depicted in Figure 3 , suggesting that simple replication errors are not a major cause of de novo polyalanine expansion mutation of PHOX2B. Frequent unequal sister chromatid exchange was observed in the yeast with Sgs1 (homolog of human BLM) or Mph1 (homolog of human FANCM) mutants. 16, 17 In addition, increased sister chromatid exchange frequency in Sgs1 mutants was reduced markedly by the disruption of the Rad52 or Msh2 gene, which is involved in mismatch repair. 18 De Gregori et al. 19 studied the parental origin of deletions in 5 de novo reciprocal translocations of chromosomes and 11 de novo complex chromosome rearrangements. Polyalanine expansion of PHOX2B in CCHS H Arai et al
They described that all were of paternal origin and spermatogenesis is more prone to generate multiple chaotic chromosome imbalances and reciprocal translocations than oogenesis. Replication and/or repair systems in spermatogenesis might differ from those in oocytogenesis and be associated with paternal bias of polyalanine expansion mutation.
There are a small number of asymptomatic or rarely symptomatic individuals with somatic mosaicism. Regarding the origin of polyalanine expansion in the somatic mosaicism, we studied the genome of an individual (a mother of a patient) with somatic mosaicism of 7-alanine expanded (27-alanine) and wild (20-alanine) alleles, but were unable to detect a 7-alanine contracted (13-alanine) allele, a counter allele of the expanded allele, which should have been produced at the recombination event (data not shown). Other groups also did not find a counter polyalanine contracted allele in the genome of individuals with somatic mosaicism. 9, 10 Polyalanine expansion in somatic mosaicism is unlikely to have been derived from recombination. Trochet et al. 9 reported three rare complex expansion mutations of PHOX2B and suggested that mechanisms other than an unequal crossing-over model would be involved. One of the three mutations is explained by recombination involving the codon encoding glycine 240 located 5¢-upstream of the sequences encoding the polyalanine tract. However, two other complex expansion mutations are not explained by the recombination mechanism. Polyalanine expansion mutations in somatic mosaicism and few complex expansion mutations cannot be derived from unequal sister chromatid exchange, but are explainable by a replication mechanism such as a model of a repetitive hairpin formation on the nascent strand or a model of repeat instability generated during replication fork stalling and restart within the repetitive run. 20 The results of our study suggest that unequal sister chromatid exchange during spermatogenesis is a major cause of de novo polyalanine expansion mutations, except for rare complex mutations and expansion mutations in somatic mosaicism.
